Abstract: A low voltage, high speed, compact silicon Mach-Zehnder Interferometer (MZI) modulator for Binary Phase Shift Keying (BPSK) modulation has been demonstrated. High modulation efficiency, V π L π equals to 0.45V·cm, was obtained in a 1mm length device owing to a higher doping concentration and low-loss traveling-wave electrode. 25Gb/s non-return-to-zero(NRZ)-BPSK with 6V pp RF driving signal was achieved. Driven by a very low 3V pp RF signal, the 10Gb/s NRZ-BPSK was also realized benefiting from the high modulation efficiency and the low-voltage driving scheme. The power consumption for the BPSK modulation was as low as 0.118W. These results prove that the silicon modulator is suitable for advanced communication system with low power consumption. 
Introduction
As the requirement for communication capacity increases, advanced modulation formats continue to attract great attention on account of their larger information capacity [1] [2] [3] [4] . M-PSK and M-QAM are typical examples of advanced modulation formats, in which the information is carried not only by the amplitude but also the phase. High performance amplitude modulations have been demonstrated by using silicon modulators. Excellent properties of high speed [5] , low-voltage [6] and compact size [7] were obtained. Moreover, negative chirp property which helps the long-haul transmission was also reported recently [8] . For basic phase modulation, BPSK has previously been generated on a silicon microring modulator [9] , while 22.3Gb/s BPSK has recently been demonstrated on silicon MZI modulator under a 7V pp driving voltage in 4mm length phase shifter [10] . Meanwhile quadrature phase shift keying (QPSK) using two nested silicon MZI modulators [11] or microring modulators [12] has also been reported. 50Gb/s QPSK was firstly obtained in 2012 under 12V pp in approximately 5mm length single-drive phase shifter [11] . 112Gb/s PDM-QPSK has also been demonstrated [13] , and dual-drive 64Gb/s QPSK under a driving voltage of 8V pp in shorter 3mm length phase shifter has also been realized in 2013 [14] . However, in the aforementioned works, the driving voltage of the MZI modulator is still higher than 6V pp , and the length is larger than 3mm. The driving voltage is higher than the conventional driving voltage in CMOS and consumes more power, limiting the application in large capacity communication systems. The large footprint is also unsuitable for monolithic integration with other devices. In this paper,we present high speed BPSK modulation based on a compact silicon MZI modulator with low driving voltage. Owing to the high modulation efficiency and the driving scheme of the silicon MZI modulator, we firstly observed 25Gb/s NRZ-BPSK under 6V pp in 1mm length phase shifter, and then realized 10Gb/s BPSK with very low 3V pp driving voltage and a length of 1mm. The power consumption has been significantly reduced.
BPSK modulation theory in silicon MZI modulator
The input beam defined as E in is evenly split into MZI modulator as A 1 E in and A 2 E in . A 1 A 2 is the propagation factor which is influenced by the splitting ratio of MMIs and the propagation loss on the two modulated arms. Since we mainly focus on the signal phase, the propagation factors in both arms are assumed to be identical and the loss is ignored for simplicity (A 1 = A 2 = 1/2). After going through the phase shifters in the silicon MZI modulator, the optical beams are expressed as where φ 1 and φ 2 are the shifted phases in arm1 and arm2 induced by the driving signal, and φ is the initial phase difference between the arms. Hence, the output can be obtained as:
Since in the BPSK modulation formats, φ π = , the formula can be simplified as:
The silicon modulator works in the push-pull driving mode. Due to the carrier depletion structure, the driving voltages should remain negative. In the signal "1" state, arm1 is driven by -V cc while arm2 is driven by 0V. The corresponding phase shift in arm1 and arm2 is φ 1 = φ and φ 2 = 0, and E out1 is rewritten as
In the signal "0" state, arm 1 is driven by 0V while arm2 is driven by -V cc . The corresponding phase shift is φ 1 = 0 and φ 2 = φ, and E out2 is rewritten as
The calculated output is shown in Fig. 1 . V π is the driving voltage which produces π phase shift. When V cc = V π , we can obtain the ideal BPSK constellation diagram with both signal dots on the x axis, where π is the phase difference between them. When V cc <V π , neither signal dots lies on the x axis and there is an initial angle ( )/2 π ϕ − , while the π phase difference still exists between the "1" and "0" states. Therefore, when the driving voltage is less than V π with the initial angle correction, the BPSK signal can be produced with the silicon MZI modulator in the push-pull driving mode. Furthermore, the initial angle of the BPSK signal can be utilized as pre-distortion to compensate the angle rotation after long-haul transmission. It is suggested that the low-voltage driving scheme causes the smaller optical amplitude due to the coefficient of sin(φ/2) and leads to excess optical loss. Consequently the OSNR is influenced by the low-voltage driving scheme. So for practical application, there is a trade-off between the requisite signal quality and driving voltage. 
Design and experimental setup
Figure 2(a) shows a cross-section of the phase shifters in the silicon MZI modulator. The phase shifter is based on a rib waveguide with a width of 600nm. The height of the slab is 60nm and the total height of the rib waveguide is 220nm. In order to increase the modulation efficiency, the doping concentration is designed to be 5 × 10 17 /cm 3 for the p-type region and 1 × 10 18 /cm 3 for the n-type region. Moreover the p-type region is offset 100nm to the right of the center of the waveguide to enlarge the overlap between p-type region and light field. There is a 50nm intrinsic gap between the p-type and n-type regions in the PN junction, which is introduced to decrease the capacitor in order to exploit the bandwidth of the modulator. The distance between the edge of the rib and the heavy doping area is 0.5μm. The doping concentration of the P + + and N + + regions are both 1 × 10 20 /cm 3 for a good ohmic contact. The silicon MZI modulator is designed with 1mm phase shifters. The length difference is 100μm between the two arms and two 1 × 2 multimode interferometers (MMI) are used to split and recombine the optical beam in the MZI modulator [15] . A coplanar waveguide (CPW) is introduced to drive the phase shifter as shown in Fig. 2(b) . The width of the signal(S) electrodes is 4μm. The distance between the ground (G) and S electrodes is 6.5μm. The characteristic impedance of the CPW is calculated to be approximately 38Ω using HFSS software [16] . Four integrated termination resistances are fabricated approximately 76Ω between every G and S electrode to reduce the microwave reflection. The measurement setup for the BPSK modulation is shown in Fig. 3 . A continuous-wave (CW) laser was employed to generate the optical signal. The polarization was set to TE by a deterministic polarization controller (DPC). Due to the large insertion loss, the first EDFA after DPC was employed to ensure that enough power had input to the modulator. The differential electric signals were generated by a Pulse Pattern Generator (PPG) and then amplified by a pair of 28GHz broadband amplifiers. Combining the Radio Frequency (RF) signal and the DC bias, both of the modulator's two arms were driven in push-pull driving mode with the differential signals. The second EDFA before the receiver was employed to amplify the modulated signal to satisfy the sensitivity of the commercial coherent optical receiver (EXFO PSO-200). 
Measurement and discussion
Firstly, the static spectrum was measured as a function of V bias . For the 1mm length modulator, the π phase shift voltage (V π ) for one modulated arm is approximately 4.5V as shown in Fig. 4(a) , and both of the on-off extinction ratios are larger than 35dB. The V π L π for the modulator is calculated to be approximately 0.45V·cm. The modulation efficiency is less than half of other groups' work based on the traditional carrier depletion structure [6, 11, 14] . The high modulation efficiency benefits from the high doping level, optimized PN junction and the design of the CPW traveling-wave electrode. The high modulation efficiency is essential to realize BPSK modulation with compact size and low-voltage. However, because of the higher doping level, there is a higher optical propagation loss. The propagation loss of the Si MZI modulator is approximately 8dB included 6.4dB in 1mm phase shifter and 0.8dB per MMI.
The S-parameter of the MZI modulator was measured with a vector network analyzer (VNA) (Anritsu MS4640A). A CW laser, DC electrical source, RF GSGSG probe and bias-Tee were employed. The VNA cooperated with the bias-Tee, RF cable and all the adaptors were calibrated before the measurement with the calibration kit. Figure 4(b) shows the measured electro-optical (E-O) modulation response under zero bias voltage. The optical 3-dB bandwidth is larger than 13GHz, which implies highly velocity-matching between the electrical and optical signal in the low-loss CPW traveling-wave electrode.
The 50nm intrinsic region and the 1mm length are also helpful in achieving the 13GHz 3-dB bandwidth due to the reduced capacity and loss. In order to realize high modulation efficiency, the traveling-wave electrode was designed with larger characteristic impedance approaching 50Ω to reduce the reflection loss caused by the mismatching between the traveling-wave electrode(38Ω) and the probe(50Ω). However it was hard to further reduce the microwave propagation loss on the traveling-wave electrode at the same time which mainly limited the optical bandwidth. The 1mm high efficiency device was adopted to generate high speed BPSK. A 100KHz narrow line width laser of 1550.51nm was employed to decrease the phase noise. The PPG generated a 2 7 -1 pseudo-random bit sequence (PRBS). The differential RF signals were both amplified to 6V with DC bias of 3.9V and 2.6V. Data rates of 10Gb/s and 20Gb/s were demonstrated respectively under the same voltage. A data rate of 25Gb/s was demonstrated under 6V pp with a DC bias of 3.2V and 3.1V. The Si MZI modulator was driven in push-pull driving mode. The modulated signals were received by the commercial coherent receiver and the results are shown in Fig. 5(a) . The published advanced modulation formats realized by a silicon MZI modulator usually employ Q-factor to evaluate the signal quality [17] . However, error vector magnitude (EVM) is more suitable than Q-factor to evaluate the quality of the received BPSK signal, which describes the effective distance of the received complex symbol from its ideal position in the constellation diagram [18] . It is also related to the bit error rate (BER) and optical signal to noise ratio (OSNR) of the signal. In our experiment the EVM of the 10Gb/s BPSK constellation diagram is 16.7 with an OSNR of 16.9dB. According to the well-known relationship between EVM and BER [18] , the corresponding BER is 1 × 10
. In this situation, the signal quality is comparable to the commercial LiNbO 3 MZM in the inset of Fig. 5(a) , whose EVM is 17.7 with an OSNR of 17.3dB under the 10Gb/s BPSK modulation. Under similar experimental condition, after increasing the data rate up to 20Gb/s, the EVM is 24.3 with an OSNR of 12.4dB. The corresponding BER is 1 × 10 −8 . In the 25Gb/s data rate, we find that some distortion in the constellation diagram, which we attribute to the chirp due to the light asymmetry of the two arms. The chirp would become more obvious at high data rate. In this situation the EVM is 26.0 with a corresponding BER of 1 × 10
. BPSK modulation under different driving voltages was also demonstrated. A CW laser with 1MHz line width was introduced at 1550.82nm. An amplified differential 5.1V pp and 5.4V pp RF signal with a DC bias of 2.6V was employed to drive each arm of the MZI modulator. Because of the light asymmetry caused by the fabrication error, the driving voltage of the two arms could not always be identical. We obtained the back-to-back eye diagram and constellation diagram from the commercial coherent receiver as shown in Fig.  5(b) . The EVM of the 10Gb/s signal is 17.2 with an OSNR of 15.9dB. We then used an amplified 4V pp RF signal with DC bias of 3.1V and 3.6V at 1550.96nm. The EVM of the constellation diagram is 26.7 with an OSNR of 13.9dB. When the driving voltage decreased to 3V pp with DC bias of 1.5V, we could still obtain a clear eye diagram and constellation diagram. Because of the offline DSP of the commercial receiver, we obtained the constellation diagram without rotation. The OSNR of the signal under 3Vpp driving voltage is 11.4dB which is 4.5dB lower compared to when a 5Vpp driving voltage is used, which is caused by the low-voltage driving. Although the OSNR is not that perfect, an EVM of 32.5 still can be acquired. And the corresponding BER is nearly 1 × 10 −5 , which is lower than the forward error correction (FEC) threshold. It is possible to achieve error-free transmissions with FEC techniques. The quality of the received signal can still be improved using an optical band-pass filter (OBPF) after the second EDFA. ) [6] . When the modulator transmits the continuous data 1 or 0 at 10Gb/s under a 3V pp driving voltage, the corresponding power efficiency is 11.8pJ/bit. Because of the high modulation efficiency and the low-voltage driving scheme in our work, the power consumption has been reduced.
Conclusion
We have demonstrated a high modulation efficiency silicon MZI modulator with V π L π equal to 0.45V·cm. The 25Gb/s BPSK modulation was obtained by employing a 1mm silicon MZI modulator. A minimum driving voltage of 3V pp was also demonstrated, which made the power efficiency decrease to 11.8pJ/bit at 10Gb/s BPSK modulation. Even higher power efficiency is predicted at higher data rates. The compact footprint and low power consumption make the silicon modulator more suitable for advanced modulation application. Furthermore, the initial phase, when V cc <V π , can act as the pre-distortion in long-haul transmission to compensate the rotation of the constellation diagram.
